• Case study based on a Dutch pilot project.
• 2-week pilot living experiment in an all-electric house and using FCEV2G power.
• 52 h and 9 h of interrupted V2G at 1 kW and 10 kW power output, respectively.
• FCEVs can integrate transport and electricity sectors in a sustainable energy system.
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A B S T R A C T
This paper presents the results of a demonstration project, including building-integrated photovoltaic (BIPV) solar panels, a residential building and a hydrogen fuel cell electric vehicle (FCEV) for combined mobility and power generation, aiming to achieve a net zero-energy residential building target. The experiment was conducted as part of the Car as Power Plant project at The Green Village in the Netherlands. The main objective was to assess the end-user's potential of implementing FCEVs in vehicle-to-grid operation (FCEV2G) to act as a local energy source. FCEV2G field test performance with a Hyundai ix35 FCEV are presented. The car was adapted using a power output socket capable of delivering up to 10 kW direct current (DC) to the alternating current (AC) national grid when parked, via an off-board (grid-tie) inverter. A Tank-To-AC-Grid efficiency (analogous to TankTo-Wheel efficiency when driving) of 44% (measured on a Higher Heating Value basis) was obtained when the car was operating in vehicle-to-grid (V2G) mode at the maximum power output. By collecting and analysing real data on the FCEV power production in V2G mode, and on BIPV production and household consumption, two different operating modes for the FCEV offering balanced services to a residential microgrid were identified, namely fixed power output and load following.
Based on the data collected, one-year simulations of a microgrid consisting of 10 all-electric dwellings and 5 cars with the different FCEV2G modes of operation were performed. Simulation results were evaluated on the factors of autonomy, self-consumption of locally produced energy and net-energy consumption by implementing different energy indicators. The results show that utilizing an FCEV working in V2G mode can reduce the annual imported electricity from the grid by approximately 71% over one year, and aiding the buildings in the microgrid to achieve a net zero-energy building target. Furthermore, the simulation results show that utilizing the
Introduction
Wind and solar photovoltaics are currently the fastest growing sources of electricity globally. Electricity generation from both technologies is constrained by the varying availability of wind and sunshine, which causes fluctuations in electricity output over time [1] . Their integration into current power systems, combined with the increased environmental and security concerns regarding energy supply is leading to a profound transformation in the current fossil-fuel based energy system. Distributed energy sources and energy storage are both becoming key components in this new system. The evolutionary trend of this transition is towards smart energy networks that are characterized by widespread deployment of renewable energy technologies and intelligent energy management systems [2] . Until now, the electricity system has developed independently from other energy-related systems. The recent trend seeks the integration of the electricity, heat and transport sectors in order to conceive a single energy system, or what is known as a Smart Energy System, Smart Urban Energy Network or Smart Cities [2] [3] [4] . Integrating power, heat and fuel networks can increase the utilization of the system, reduce total costs and offer national electricity systems greater flexibility [5] .
While Smart Energy Systems are explored on a global level, Smart Grids are the basic underlying unit on the local level. Different energy products and services that are involved in Smart Grids include microgenerators, storage systems, smart appliances, time variable prices and contracts, and energy monitoring and control systems [6] . All of these are bound to or located near buildings; thus, in this framework, the integration of buildings into smart grids is fundamental [7] . On average most people in the developed world currently spend 90% of their lives indoors [8] [9] [10] , relying on heating and air conditioning. This leads to buildings being the largest energy consumers worldwide, accounting for about 40% of global energy and approximately one-third of greenhouse gas (GHG) emissions [11] .
In addition, most road transport energy consumption is due to passenger vehicles, and when they are not in use, they are usually parked close to buildings [12] . Significant energy and environmental savings could be achieved if buildings were designed and managed efficiently and passenger vehicles were integrated into the built environment. It is estimated that an energy demand reduction of 35% can be achieved for a household by incorporating thermal insulating layers, utilizing energy-efficient appliances, efficient illumination and changing from fossil-fuel based to electric cars. However, this reduction in total energy is directly connected to an increase in electricity demand of 150% [13] . For the system to be sustainable, all of these 'all-electric' households will have to be supplied with electricity from renewable sources, such as solar and wind.
The conceptual understanding of a zero-energy building (ZEB) is that it is an energy-efficient building able to generate electricity, or other energy carriers, from renewable sources in order to compensate for its energy demand. More specifically, the term near or net ZEB (NZEB) is used to refer to buildings that are connected to the energy infrastructure, underlining the fact that there is balance near or equal to zero between energy taken from and supplied back to the energy grid over a period of time, nominally one year [14] . The end-users living in these buildings are sometimes referred to as 'prosumers', as they not only consume energy but also produce it on-site. The term often describes consumers who rely on smart meters and solar PV panels to generate electricity and/or combine these with home-energy management systems, energy storage, electric vehicles (EVs) and vehicle-togrid (V2G) systems [15] .
In this framework, electric vehicles become a fundamental component of buildings. The great potential in reducing energy demand in the built environment is reflected globally in policy directions that are moving towards zero-energy standards [16] . For example, the European Union (EU) has established that by 2021, all new buildings must be close to ZEB, and by 2019, new buildings occupied and owned by public authorities must also be close to ZEB [17] . While in California in the United States, the California Public Utilities Commission adopted the Big Bold Initiative, which directed that all new residential and commercial construction be Zero Net Energy by 2020 and 2030, respectively [18] . The technical feasibility of such zero-energy buildings has been proven by several pilot and case studies [19] . Some of them have even proven the ability of residential buildings to become positive-energy buildings (PEB), producing more energy than they consume [20, 21] .
Both intraday and seasonal energy storage systems are needed to support the integration of renewable energy. Typical solutions include electrical energy storage in batteries, flywheels, compressed air energy storage, pumped storage, EVs and hydrogen as an energy carrier [22] [23] [24] . While batteries will be used for short-term energy-efficient storage, long-term (seasonal) storage will require hydrogen fuels [25] . Energy storage, in the form of hydrogen and its direct use in fuel cells, can ensure reliability to the energy system and assist in the integration of renewable energy supply into the residential and industrial sectors. Electricity, heat and water are produced when hydrogen reacts with oxygen in a fuel cell. Hydrogen can be used in the transport sector in fuel cell electric vehicles (FCEVs). It is also important to mention the positive environmental effect caused by the replacement of gasoline vehicles by FCEVs. It has recently been reported by Ahmadi et al. that a 72% reduction in total GHG emissions (in terms of gCO 2 equivalent emitted per km of vehicle travelled) can be obtained by switching from gasoline vehicles to FCEVs in the transportation sector and that they are becoming both technologically and economically viable compared with incumbent vehicles [26] .
In a recent review, Alanne and Cao defined the concept of the 'zeroenergy hydrogen economy' as a zero-energy system, where hydrogen is one of the key energy carriers [27] . The review focuses on the integration of zero-energy hydrogen vehicles at the level of single buildings and communities and suggests that more research is needed to understand the impact of the exchange of various energy types between these vehicles, buildings and/or communities and hybrid smart grids. In this study, we aim to bridge this knowledge gap by providing insight into the technical feasibility of integrating a fuel cell electric vehicle with a residential building of a prosumer type, in order to fulfil the zero-energy building target.
EVs are considered promising candidates to replace fossil fuel powered vehicles. They not only have the potential to yield cleaner transportation but can also provide electric storage capabilities for other applications, such as V2G, Vehicle-to-Home (V2H), Vehicle-toLoad (V2L), and Vehicle-to-Vehicle (V2V) [28] . In this way, the cars are seen as dispatchable and flexible means of power supply that can interconnect the fuel sector and the electricity sector. In 1997, Kempton et al. had already envisioned that EVs, whether fuelled by batteries, liquids or gaseous fuels generating electricity on-board, would have value to electricity utilities as power resources [29] . This opens the possibility of EVs participating in demand-side management, voltage and frequency regulations, spinning reserve, active/reactive power compensation, load balancing and harmonic filtering [30] .
In the literature, V2G related research is widely correlated and usually exclusively linked to battery-run electric vehicles (BEVs) [31, 32] , mainly due to the fact that FCEVs are not treated as electric vehicles and their penetration into the market has been slow in the last decades. However, this is currently changing, as most of the large car manufacturers are already commercializing FCEVs, such as the Hyundai Tucson Fuel Cell SUV [33] , the Toyota Mirai [34] and the Honda Clarity [35] . In 2017, Mercedes Benz has even announced the GLC F-CELL, a plug-in FCEV that combines both a high-capacity 9 kWh battery and fuel cell technology [36] . The commercially available FCEVs have the advantage over BEVs in that they can be refuelled faster (in 3 min on average) and provide greater driving ranges of around 500 km. FCEVs are also electric vehicles and can be used in V2G as the source of new power generation, provided the correct connection interface. Several FCEV manufacturers have already developed devices to export up to 9 kW power from vehicles to electric appliances (V2L) and directly to homes (Vehicle-to-Home or V2H), and are offered as supplementary devices [37, 38] . Nonetheless, there are very few studies that have considered FCEVs in V2G mode. Early works analysed theoretically the use of FCEVs as distributed power generators and evaluated their economic aspects in different electricity markets [39] [40] [41] [42] [43] . Recently, other works have been published on the use of FCEVs to balance building/ community energy consumption, all based on theoretical assumptions about how the FCEV operates in V2G conditions [44] [45] [46] [47] [48] . Until now, there have been no experimental validations of such a system, which we will refer to as FCEV2G (Fuel Cell Electric Vehicle to Grid).
For the first time, we connected a FCEV to the Dutch national grid, allowing the car to deliver up to 10 kW direct current (DC) power output. 1 Our study aims to determine the potential of a hybrid microgrid system composed of FCEVs for both transportation and V2G, rooftop solar panels and all-electric housing. We focused on how the use of the FCEV2G could reduce electricity imported from the grid, with the aim of obtaining a more self-sufficient all-electric dwelling, where the energy for heating, cooling, hot water and electricity was taken into account. In addition, we examined the operational aspects of the system, in terms of the availability of the car on-site and the impact on the energy bill for the end-user. The system was developed as a small-scale project with one house and one FCEV, since it can already be realized with available technology. In addition, a microgrid system incorporating 10 all-electric houses and 5 FCEVs was simulated for an entire year to determine annual performance. The monitoring of the real system provided data that was used in the simulated case study. Fig. 1 shows the relationship between the experimental and simulated case study and the flow of data between studies performed. These types of innovative pilot projects are pivotal in realizing the transformation of socio-technical systems such as the energy system because they actually use the innovation and thereby learn about new needs, which allow policymakers to create regulatory frameworks that fit the innovation and industrial actors to learn how to improve the innovation and reduce costs [49] . In particular, understanding how home occupants interact with their energy needs is a key consideration for all green building planning, design, operation and decision-making. Furthermore, this demonstration project allowed the analysis of real-world empirical data on load demand and PV and FCEV power supply.
The remainder of this paper is structured as follows. In Section 2, the case study of a FCEV2G-PV-HOUSE microgrid system is introduced and the energy performance of the main components is analysed. Also, the results of a two-week demonstration experiment of the hybrid system operating in real life are presented. Section 3 presents an annual simulated case study of the performance of a hybrid microgrid system with 10 houses and 5 FCEVs under different FCEV2G working modes. Finally, in Section 4, the conclusions are presented and recommendations for further research are provided.
Case study

System description
The structure and components of the hybrid system under analysis in this work are represented schematically in Fig. 2 . The four main components of the microgrid are the building-integrated photovoltaic (BIPV) installation, the FCEV used for mobility and power generation in V2G mode, the residential load and the electrical grid.
The operating scheme of the microgrid is as follows: while available, PV power is used to cover the load directly (direct solar). The load is considered to be the energy consumption of the house for heating, cooling, hot water and electricity, with electricity being the only energy carrier, since it is an all-electric house. In the case of PV shortage, and if the car is available on-site, the FCEV provides power to the load through the V2G connection at a fixed and constant power output that the user selects between 0 and 10 kW DC. If excess power from either the PV or the FCEV is available, electricity is fed back into the main grid through the connection in the house (export). In the case of a shortage from either distributed energy generator, electricity is drawn from the main grid (import). The main grid considered is the Dutch National grid, which has 12.5% of renewable electricity in its generation/production mix [50] . The FCEV is also used for mobility and is fuelled mainly at one of the hydrogen refuelling stations available in The Netherlands. At the time of the experiments, there were only two hydrogen stations available in The Netherlands. One is located in Helmond [51] and is a fully electric powered hydrogen station, where "green hydrogen" is produced on-site by water electrolysis and compressed to refuelling pressure. The operators of the hydrogen station in Helmond confirmed that they have a power purchase agreement with a zero CO 2 electricity provider. The other station, located in Rhoon offers "blue hydrogen" [52] . At this hydrogen station, the hydrogen is sourced from steam-reformed natural gas with CO 2 capture and connected to the industrial pipeline network of Air Liquide [53] and includes multiple hydrogen sources. The captured CO 2 is used in other chemical processes. This could potentially result in zero CO 2 emission hydrogen production. The technical possibility to refuel green hydrogen, and thus be a CO 2 neutral process, is available in The Netherlands today. To show the renewable potential of the concept and the related modelling study done, the hydrogen used to refuel the FCEV is considered to be CO 2 neutral, as the technology is available and could be applied anywhere. The components of the system were deliberately chosen based on the fact that they are all commercially available energy products and services that a home occupant or end-user can acquire and use today, given the proper connections.
The FCEV used is an ix35 Hyundai, which is an electric vehicle that uses a proton exchange membrane (PEM) fuel cell (FC) stack to convert hydrogen and oxygen into electrical power and water. In addition to the FC stack, there are auxiliary components to support the correct operation of the FC and the vehicle, such as a hydrogen and air management system, fuel cell and power electronics cooling system, and power electronics. All of these systems are grouped under the term Balance of Plant (BoP). In driving mode, the FC power is used to drive the electric traction motor. It has a 700 bar hydrogen storage tank that provides a driving range of 550 km [54] .
In cooperation with Hyundai and Accenda B.V., and in the scope of the Car as Power Plant Project [55] , an ix35 FCEV was provided with a power output socket, which allows for the electrical power generated by the fuel cell to be directed to a discharge unit (V2G unit) instead of the motor. A description of the setup and operational performance results can be found in [56] . When parked, the car can be connected through a cable to the V2G unit (see Fig. 3a ), which allows conversion of the DC power from the vehicle to AC power and synchronization with the AC grid. To the best of the authors' knowledge, this is the very first time that a hydrogen FCEV has been able to deliver electricity to a national grid. Modulation of the power output can be achieved from 0 to 10 kW DC. The residential load considered in this case study corresponds to that recorded at the Prêt-à-Loger (PaL) [57] house shown in Fig. 3b . The building is a typical Dutch terraced house that has been adapted to make it more energy efficient. The main changes consist of thermal insulation in the facade and roof, a greenhouse structure to the southeast, and phase change materials in the crawlspace [58] .
The house project was designed by a team of students from Delft University of Technology (TU Delft) for the Solar Decathlon Europe 2014 competition and it is now located on the TU Delft campus at a site called The Green Village. The building is mainly used as an office and exhibition house. Less frequently, and for research purposes, it is at times temporarily inhabited by University students or staff. It has 43.6 m 2 of PV panels, 5.4 m 2 of solar thermal panels, for domestic hot water and central heating, connected to an (air) source heat pump with a nominal rated output of 4 kW and COP of 2.5-3.5, depending on the ambient/outside temperature. The building has a surface area of 116 m 2 (including the greenhouse surface) and it only has a bidirectional electricity grid connection, no natural gas or district heat grid connection, thus making it an all-electric house. The BIPV system is installed on the roof and on the greenhouse window with a capacity of 4.9 kWp (4.7 kWp actual functionality because one panel was malfunctioning in 2015). It is composed of 25 modules with 1170 monocrystalline silicon solar cells in total. The modules are all connected in series to power optimizers to ensure maximum power point tracking. The total system is connected to an inverter to convert the DC output of the PV string to AC (230 V, 50 Hz, single phase). The electricity consumption and PV production of the PaL house have been constantly monitored and recorded since 2015.
Energy performance of the individual components
Several performance parameters of the single components, namely the PaL house with BIPV system and the FCEV2G setup, were evaluated before integrating them into the entire system. All data processing was performed offline using the commercial software MATLAB® (R2016b, 64-bit). The parameters are defined and results are presented below.
PaL house
The energy performance of the house is based on the data collected in 2015, as most of the consumption data from 2016 was lost due to a server problem. The power consumption (P cons ) was available with a 15 min time resolution, while the PV power produced (P PV ) was directly measured at the inverter and also available with a 15 min resolution. The annual energy consumed and produced were calculated according to Eqs. (1) and (2), respectively:
where P t ( ) is the power at a given time, dt is the time resolution and, depending on initial time, t 1 , and final time, t 2 , the energy calculation can be done on a daily, monthly or yearly basis. The 2015 production and consumption patterns of the house can be observed in Fig. 4a .
Although the house was not constantly inhabited by a family, the consumption and production patterns correspond well to those of Dutch households as reported by Reinders et al. [6] . There is a clear mismatch between production and consumption during the year. While production peaks in the summer months, when there is more radiation from the sun, consumption peaks in winter, given the higher demand for space heating and domestic hot water (DHW). The predominant component of electricity consumption in this house is the heat pump.
The total electricity consumption in 2015 for the house was 5972 kWh, while the average value in the Netherlands for the same year was 2980 kWh [59] . The value reported in this work is higher than the Dutch average electricity consumption because the latter does not take into account electricity used for heating. For a building, implementing an electric heat pump would mean that externally base electricity consumption will be considerably higher than normal because electricity is the only energy carrier that is implemented in the building [60] .
With respect to the PV system, the amount of electricity generated in 2015 was 3768 kW, which accounts for a specific yield value of 802 kWh/kWp. The average specific yield in the Netherlands was reported to be 875 kWh/kWp, with variations as large as 16% [61] . Therefore, the value obtained for the PaL house can be said to be lower than the average but still within the limits. This is because the orientation of the PV system reflects the orientation of the house, which in this case is not optimal to achieve a maximum yield (there is a 42 degree deviation from the south). In addition, the tilt of the solar system panels is also not optimal, at 21 degrees, as opposed to the optimal of 36 degrees in the Netherlands. By looking at a random weekly profile in the summer (Fig. 4b) , it can be established that during the day, the total on-site daily production is sufficient to cover the total daily load but at night the house relies entirely on import power from the grid. In the winter (Fig. 4c) , solar production is much less, and is not even sufficient to cover house consumption during daylight hours. The bar chart in Fig. 5 (left y-axis) shows the origin of the electricity consumed monthly in 2015, as well as surplus solar electricity that was exported. From this plot, it can be observed that in summer less electricity was imported from the grid and relatively more solar electricity was directly used, with more solar electricity exported.
In order to evaluate the energy performance of the system in providing and using its own generated electricity, the on-site electrical energy fraction (OEFe) and the on-site energy matching (OEMe) indicators were calculated as defined by Cao et al. [46] The OEFe indicates the proportion of the demand which is met directly by on-site generation rather than being imported from the grid (grade of autonomy), and the OEMe indicates the proportion of on-site electrical generation which is locally consumed rather than being exported, or the grade of self-consumption. Their mathematical expressions are given in Eqs. (3) and (4), respectively:
where E imp t , and E exp t , are the imported and exported electricity to and from the grid, respectively, in the time frame t. The ideal behaviour of the system is achieved when both indicators equal 1, meaning that the residential load is covered entirely by on-site generation and no electricity is being exported. The monthly OEFe and OEMe values for PaL in 2015 are plotted on the right y-axis in the plot shown in Fig. 5 . The OEFe values range from 0.05 and 0.44 and peak in the summer months, while the OEMe values range from 0.26 to 0.76, where higher values were obtained in the winter months. This indicates that in the summer months there was a higher direct coverage of the house load by on-site production (high OEFe), but that also more electricity was exported to the grid (low OEMe), in comparison with the winter. The same seasonal pattern was observed in the simulations performed by Cao et al. for the case with PV [46] .
Net electricity consumption in this study was based on the load/ generation balance as calculated in Eq. (5), which had to satisfy the inequality in Eq. (6) in order to fulfil the NZEB condition.
If Eq. (5) indicator is equal to 0, then the building is considered to be an NZEB, while if it is greater than 0 it is considered to be a positiveenergy building. To compare the energy performance of the house to other residential buildings, the net annual primary energy consumption per unit of building surface area (PE net a , ) was calculated according to Eq. (7).
By multiplying the electricity consumed and produced by the primary energy factor (PEF), it is possible to account for the entire energy chain, including properties of natural energy sources, conversion processes, and transmission and distribution grids. There are various methods to calculate the PEF of electricity [62] . In Eq. (7), the default EU PEF of 2.5 is used due to the highly interconnected European electricity grid. The Default PEF of 2.5 is based on an average, European-wide conversion efficiency of 40% [63] . In this case, equal values for PEF for both consumed and produced quantities were used. This was done as it is difficult to establish a specific value for the PEF for combined solar and FCEV power generation. Partly due to the renewable component of solar energy but also the use of blue hydrogen as energy carrier, which is produced outside of the system boundaries in this work. It is assumed that the electricity produced on-site, whether selfconsumed or exported, will avoid an equivalent generation of fossil based electricity somewhere in the energy infrastructure. This is due to the priority dispatch of variable renewable energy sources in the European electricity grid as established by the European renewable energy directive [64] . 
FCEV2G
To evaluate the performance of the FCEV2G connection, field test measurements with the adapted Hyundai ix35 FCEV were conducted at four different power outputs. The FCEV was connected to the V2G unit as shown in Fig. 3a , making sure that none of the energy consuming applications of the car were switched on (radio, air conditioning, heating, etc.). It is essential to point out that 'power output' refers to the DC power output of the FCEV that reaches the discharge unit. At the discharge unit there is an inverter that converts the DC power to AC power with 95% efficiency. Thus, the AC power delivered to the grid is 5% less than the FCEV's power output. Several tests were performed setting the V2G power output (P V G 2 ) to 1, 3, 5 and 10 kW DC constant values. Each test was repeated five times for statistical purposes. During the tests, different variables were measured, such as average fuel cell DC power produced (P FC ), average AC power delivered to the grid (P AC ), hydrogen mass consumed (m H2 ) and duration of tests.
The system performance was analysed based on the experimental hydrogen consumption rate (H 2rate ) and tank-to-grid (TTG) efficiency (η TTG ). The H 2rate was obtained for each test according to Eq. (8):
where m H2 was obtained by measuring the difference in mass in the 
where m H2 is the hydrogen mass expressed in grams consumed in the test, t Δ test is the test duration in seconds, HHV H2 is the higher heating value of hydrogen equivalent to 285.84 kJ/mol, and M H2 is the molar mass of molecular hydrogen of 2.016 g/mol.
Regression analysis was adopted to evaluate the trends in the measured data for the hydrogen consumption rate and TTG efficiency. The empirical expressions resulting from the diverse regression analysis provide novel model equations of FCEV2G performance useful for future modelling and simulation work. These are used in Section 3 below in the simulated case analysis. The resulting scatter plots with their corresponding fitting lines are shown in Fig. 6 . The model equations with the optimized coefficients are shown in Eq. (10) and in Eq. (11).
TTG efficiency decreases sharply at very low power outputs (see Fig. 6a ) and increases non-linearly, stabilizing at approximately 44% for higher power outputs. The lower TTG efficiencies at lower power outputs can be explained by the relatively higher BoP consumption, such as minimum coolant pump flow, anode recycling and air blower. This behaviour was also reported by Eberle et al. when they evaluated FC system efficiency in a fleet of FCEVs in driving mode [66] . In the latter case, the losses were all due to BoP components, as there was no DC to AC conversion.
It is important to determine the rate at which hydrogen is consumed in the V2G experiments, since there is a fixed amount of approximately 5 kg of hydrogen available for V2G operation in the Hyundai ix35 FCEV. Fig. 6b shows that the hydrogen consumption rate increased linearly with the power output. The resulting regression model, as shown in Eq. (11), has a high R-squared value (R 2 = 1.0), indicating that the variations in H 2 consumption are very well explained by variations in the delivered power output.
The y-intercept value is non-zero, as can be seen from Eq. (11) and from Fig. 6b . At 0 kW V2G power output, no electricity is being delivered to the grid and TTG efficiency is 0% (Fig. 6a) . However, when the car is in idling mode, there is a slight hydrogen consumption of 0.04 kg/h to provide electricity for the Balance of Plant. Based on the average hydrogen consumption rate obtained at the different power outputs, it can be established that 5 kg of hydrogen can deliver approximately 52 straight hours of V2G at 1 kW power output and 9 h at 10 kW power output.
Overall, the system performance below 3 kW becomes significantly less efficient than at higher power outputs, as there are too many losses associated with the BoP and DC/AC conversion in comparison to the electricity being produced at higher power outputs. Above 3 kW, the efficiency of the system practically remains unvaried. While efficiency can be gained by delivering at higher power outputs, this comes at the expense of having less operating hours available because of the higher hydrogen consumption rate. The choice is left to the users to meet their requirements, whether in terms of efficiency or the amount of hydrogen to use (this will affect the costs and also total use of the V2G connection).
Experimental demonstration of FCEV2G-PV-HOUSE integrated system
The following experiment was performed to better understand the matching capabilities of the FCEV2G system and how it might reduce the electricity imported into a residential building. For a period of two weeks, two people lived in the PaL house and used the Hyundai ix35 FCEV for mobility and power generation. During this period, they generated realistic load profiles by switching on/off appliances and leading a regular life in the house. As the car has a maximum storage capacity of 5.6 kg hydrogen, 3 kg per day was set as the maximum amount of H 2 to be used for V2G, leaving more than enough hydrogen to also meet the daily driving requirements. Refuelling was performed every day at the hydrogen refuelling station in Rhoon, the Netherlands. In the research design, and based on the previous FCEV2G experimental results (see Section 2.2.2), two different power outputs for the car were considered: during the first week, the car was connected in V2G mode at a constant 3 kW for a longer period of time, while during the second week, it was connected at 10 kW but for less time. This was fixed, meaning that the car used approximately 3 kg of hydrogen in V2G mode each day. Table 1 summarizes the operational conditions of the FCEV during the two-week experiment.
The schedule presented in Table 1 was followed as thoroughly as possible, although there were some variations, as are bound to occur in real-life situations. All of the power flows in the system were recorded and are shown in Fig. 7a . The consumption profile presents a constant base load between 1.0 and 2.0 kW. This corresponds to the appliances that were always on, such as the refrigerator and the heat pump. As the Fig. 6 . Scatterplot of FCEV2G experimental data (points) and fitted regression analysis (line) for (a) TTG efficiency in converting hydrogen to AC electricity based on HHV and (b) hydrogen consumption rate in V2G mode at different power outputs.
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experiments were performed in winter, the base load is relatively high. In addition, the first week presents higher base loads than the second week, an effect that can be explained by the heat pump having to work harder because outside average temperatures were lower for that week (see average temperatures in Table 2 ). This is also reflected in the total electricity consumed: under the test conditions, in the first week, 297 kWh were consumed and in the second week, 198 kWh. This can be seen in Table 2 , which presents the energy performance results per week.
The first week was also cloudier, leading to very low solar PV production. From the power flows in Fig. 7a , it is interesting to note how solar PV and FCEV power production complement each other. During the day, the solar panels produced electricity, while during the night the FCEV did so. This is explicitly shown in Fig. 7b , which presents the origin of the consumed and exported electricity separately for day and night. The 'daytime' was considered to be from 8 am to 6 pmthe period of sunlight during the experiment. The terms 'imported', 'direct solar' and 'V2H' in Fig. 7b refer to electricity imported from the grid, solar electricity produced on-site and directly used, and electricity produced by the FCEV and directly used by the house (V2H), respectively.
This figure shows that electricity consumption was higher during the night than during the day. This is due to the fact that the people living in the house were students, who were not present most of the day and their most energy intensive practices thus occurred during the night. The load was not met by the local electricity production either during the day or the night, and electricity had to be imported from the grid. During the day, there was a contribution from the solar panels but during the night it was mainly the FCEV that covered electricity consumption. The V2H contribution was higher in the first week than in the second, both for the day and night. This was because the car was connected for more hours during the day, thus satisfying the load for a longer period of time. The bar chart also shows the amount of electricity exported to the grid, which was the result of excess solar and FCEV electricity production. In the second week, more electricity was exported than consumed. This demonstrates the capability of the system to generate sufficient electricity for the house to satisfy the ZEB target and also to produce sufficient electricity to potentially share with neighbouring houses.
For this all-electric house in winter, in the first week, during which the FCEV2G connection was working at 3 kW, approximately 83% of the electricity consumption was produced on-site by both PV and FCEV. Thus, the NZEB target was not achieved. However, when working at 10 kW (during the second week), electricity demand was fully covered, with production sometimes more than twice that consumed, converting the house into a positive-energy building. In comparison with the energy performance of the PaL house with only PV, reported for February 2015 (Fig. 5 , Section 2.2.1), the autonomy (indicated by OEFe) was greatly increased with the use of the FCEV2G setup, from approximately 15% to 50% and 47% autonomy for the first and second weeks of the experiment, respectively. The self-consumption of locally produced electricity (indicated by OEMe) was the same in the first week as the average monthly value from February 2015, but it dropped dramatically in the second week due to the amount of excess electricity produced, which had to be exported.
This experimental demonstration was useful in showing the high potential of the FCEV to provide V2G services to the residential sector and help achieve the NZEB target. Although the experiment was only performed for a short period of time, and only in winter, it provided useful data that proved the technical capability of the system. Seasonal variations in the behaviour of the system are expected to occur due to increased solar production in the summer months. In addition, the FCEV2G setup, as it is now, only allows for the possibility of fixed power settings, while it would also be interesting to evaluate variable power outputs. In the following section, we discuss a microgrid simulated over a one year period based on the previous experimental results and taking into account different operational modes for the V2G connection. 3. Annual simulated case study for a microgrid
Model description and inputs
To determine the potential of V2G services provided by FCEVs in aiding all-electric residential prosumer type houses in the Netherlands to become NZEB, a microgrid model was simulated based on 10 houses and 5 FCEVs with V2G capability (considering that 1 in every 2 households has a private FCEV with V2G capability). The electricity consumption of the microgrid considered all the energy intensive practices in the houses such as heating, cooling, hot water, cooking, lighting and the use of electronic devices. The operating scheme of the microgrid is schematized in Fig. 8 . The overall consumption and production profile of 10 houses and only one V2G point was taken into account.
The simulation was performed on a 15 min basis for 2015. The data previously collected for the PaL house and the Hyundai ix35 FCEV was used in the model and two different operating modes for the FCEVs were considered. All 10 houses had the same profiles as that reported for the PaL house in Section 2.2.1. In this manner, we analysed the worst case scenario, in which all consumption peaks occurred at the same time. The two operating modes for the FCEV2G setup were labelled load following (LF) and fixed power (FP). LF referred to variable power output when it was connected to the V2G discharge unit.
The power provided was exactly what the microgrid load demanded in the time step of the simulation (with a maximum output of 10 kW). The FP mode delivered a constant value of 10 kW whenever the car was connected in V2G mode. In both cases, the term V2H was used to refer to the electricity produced by the FCEV and directly used to cover the load in the microgrid; any excess electricity produced was exported to the grid (excess from this source only occurred in FP mode). The energy performance was analysed for three different cases: the two different modes of FCEV2G operation just described and a baseline case for comparison, where there was no FCEV but where an internal combustion engine vehicle (ICEV) was used.
In summary:
• Case NP (No Power): represents 10 PaL houses with BIPV system and 5 ICEVs for transportation. There is no V2G operation.
• Case LF (Load Following): represents 10 PaL houses with BIPV system and 5 FCEVs for transportation and power generation in V2G mode with load following operation.
• Case FP (Fixed Power): represents 10 PaL houses with BIPV system and 5 FCEVs for transportation and power generation in V2G mode with fixed power operation (10 kW).
Car-sharing for transportation was not considered in any of the cases, meaning that the person who owned the car was the person that used it for mobility. However, car-sharing for V2G operation was considered since only one FCEV at a time was to be connected in V2G mode to the microgrid. When the hydrogen on board that car reached a certain limit, the next available car started delivering V2G services. In this way, the hydrogen in the tank was not a constraint for continuous V2G operation, as long as the cars were available on-site. The energy performance of the simulated cases was evaluated by means of the energy contributions, monthly OEMe and OEFe energy indicators and the energy bill with the data for 2015.
FCEV assumptions
The performance of the FCEV2G in both modes was evaluated using Eqs. (10) and (11), obtained from the regression analysis previously described in Section 2.2.2. The availability of all cars in the model was assumed to be the same. The cars were considered to be parked at home for 16 h on weekdays and 18 h on Saturdays and Sundays, as shown in Fig. 9 . This is the European average 'inactive parking' time, which is considered to be the duration of time a car has been parked before the Fig. 8 . Schematic drawing of the microgrid under analysis with 10 houses, 5 hydrogen FCEVs and BIPV solar production.
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Applied Energy 215 (2018) [615] [616] [617] [618] [619] [620] [621] [622] [623] [624] [625] [626] [627] [628] [629] first trip of the day or after the last trip of the day [12] . This accounts for the cars being inactively parked 88% of the time over an entire year. A sensitivity analysis was also performed to analyse the impact of the availability of the cars on the results. Both LF and FP modes operated when the car was available and the amount of hydrogen in the tank was between 0.6 and 5.6 kg, leaving sufficient hydrogen to drive 32 km per day on average (which corresponds to the annual average distance driven by Dutch privately owned passenger vehicles in 2015 of 11,666 km [67] ). When the FCEV2G was in operation, hydrogen consumption was determined by Eq. (11) . When the car was absent, a homogeneously distributed driving profile was considered. The hydrogen consumed while in driving mode was calculated for every 15 min that the car was not present at home using Eq. (12):
driving rate driving (12) where km t step corresponds to 0.6659 km driven in the 15 min time step (equivalent to 32 km in 12 h) and H 2rate driving is equal to 0.0095 kg/km [68] .
Energy bill calculation
In this study, the energy bill was considered as the monetary cost of the amount of electricity and fuel used over the entire year. A net metering system was assumed for electricity production and consumption as established in the Netherlands. In this system, unused electricity produced on-site is fed back into the power grid and this amount of power is deducted from the electricity bill of the supplying household. In the Netherlands, there is a limit to net metering, equal to the amount of imported electricity from the grid. The energy delivered to the grid above this limit has a different tariff rate. In the calculation performed in this study, there were no considerations of investment and maintenance costs, as a cost benefit analysis of the system was not part of the scope of the study. Here, we were merely concerned with estimating how the end-user's annual energy bill might be affected, assuming that FCEVs will cost the same as ICEVs in the near future [69] . Eq. (13) was employed to perform the energy bill calculations:
where E imp is the imported electricity, E exp NM , is the exported electricity that applies to the net metering limit, P kWh NM , corresponds to the average consumer price per kWh in the Netherlands, E exp Extra , is the exported electricity above the net metering limit, P kWh Extra , is the price offered by the energy company to the end-user for the electricity delivered above the net metering limit, km driven is the average kilometres driven in 2015 for Dutch privately owned passenger vehicles, Fuel cons is the average fuel consumption, P fuel is the annual average price of the corresponding fuel at the pump, H 2V G 2 corresponds to the average amount of hydrogen used in one year in V2G mode per car in the microgrid and P H2 is the average annual hydrogen price at the pump. The values used in this equation for the different cases analysed are reported in Table 3 .
The energy bill was calculated for all three cases, considering a single all-electric household within the microgrid with either an ICEV or a FCEV. In the LF and FP cases, using the FCEV for driving and power generation, the cost of the hydrogen used for V2G in the microgrid was shared evenly among the 10 households. The last term in Eq. (13), a measure of hydrogen costs of V2G operations, is null in the NP case, where only ICEVs were considered without power generation. The Fuel cons used for the FCEV was that reported for the Hyundai ix35 FCEV model. For the NP case, the 2016 Hyundai Tucson model was taken as the reference, which is the same car as the ix35 but with a petrol engine rather than an FC and electric powertrain. Since the hydrogen price was identified as one of the major variables affecting the energy bill, a sensitivity analysis was performed for this variable as well. This allowed the hydrogen breakeven price to be calculated; that is, where the FCEV cases would cost the same as the ICEV case. Fig. 10a presents the monthly electricity consumption of the microgrid, as well as the simulated on-site total electricity production in the three cases analysed. In all cases, a seasonal variation can be observed, where more electricity was produced in the summer months than in the winter months, due mainly to solar production. This shows the limitation of solar power alone to cover the power needs of the microgrid throughout the entire year. The yearly values obtained for the microgrid are reported in Table 4 . For the entire year, both LF and FP cases produced sufficient electricity to cover the microgrid load, converting the houses in the microgrid to positive-energy buildings with a PE net a , per household of −23 kWh/m 2 and −64 kWh/m 2 for LF and FP cases, respectively. This proves the capability of the FCEV2G system to help achieve the zero-energy target for residential buildings, which could not be achieved in the NP case. As can be seen from Fig. 10b , some of the electricity produced in the FP case had to be exported to the grid. Fig. 10b also shows the sources from which the load was covered each month. The NP case had the highest contributions of electricity imported from the grid, while these contributions were much lower in the LF and FP cases because of the FCEV2G power supply. On average, for the entire year, both LF and FP reduced the import of electricity by approximately 71% compared to the NP case. The energy performance of the three cases analysed is well explained by the variation of the OEFe and OEMe indicators over 2015, as shown in Fig. 10c and d , respectively. The OEFe values presented the same trend in all three cases, where higher values were obtained in summer than in winter, due to the higher direct solar coverage in the summer. Although they present the same trend, there is a significant increase in the absolute values for the LF and FP cases (which overlap) with respect to the NP case. This indicates a higher degree of autonomy of the energy system with the use of the FCEV2G setup, almost reaching the value of 1 in the summer months. OEMe values were higher in the winter months for all cases and the LF case presented the best performance in terms of self-consumption, while the NP case presented the lowest OEMe values because most of the electricity produced on-site was exported. With respect to grid interaction, it is interesting to observe the imported and exported electricity power duration curves, shown in Fig. 11 . These curves are equivalent to the Load Duration Curve used in power system analysis, which is an arrangement of all the load values over a year in descending order.
Results and discussion
From Fig. 11a it can be seen that the use of FCEV in V2G, either in LF or FP mode, reduced the imported power values between 0 and 15 kW but did not affect the peak values between 15 and 55 kW. These peak values occurred during less than 5% of the year. In these cases, the use of batteries, either in FCEVs or BEVs and/or stationary batteries, could be used to supply the higher power demand of the microgrid. For example, by virtue of different V2G power management algorithms, the 24 kW battery present in the Hyundai ix35 could reduce these higher peaks.
While the use of FCEV2G in LF mode did not affect the power exported to the grid (Fig. 11b) , the FP mode produced an increase in the exported power values between 0 and 10 kW. Although these duration curves provide useful information on the grid interaction over the year, they do not offer any insight into the daily or monthly behaviour of the microgrid. Figs. S1 and S2 (in the supplementary material) provide box plots of the imported and exported (both hourly and monthly) average power, respectively. Based on the hourly box plots (Fig. S1) , it can be established that imported power diminishes during the hours of the day that the car is connected to the microgrid, in comparison with the absence of FCEVs. In the FP case, exported power also increases when the cars are connected, although the exported amount is roughly half of what was previously imported in the case without FCEVs. Based on the monthly box plots (Fig. S2) , it can be concluded that the imported power was reduced all year round, but even more drastically in the winter months. This proves the capability of FCEVs to provide back-up power, especially in winter when the solar source is less capable. The exported power is incremented only for the FP case, and this is greater in summer than in winter. This is in agreement with the information provided by the monthly OEMe values, which established that self-consumption is higher in the winter months. One possible way to reduce exported power in summer would be to produce hydrogen on-site in this period and then use it in winter to fuel the FCEVs.
Combining the information provided by both energy indicators, the duration curves and the box plots, it can be concluded that the microgrid with solar PV power production and load following FCEV2G operation mode presented the best performance in terms of autonomy and self-consumption of the electricity produced on-site over the entire year. The LF mode is more interesting from the grid interaction point of view, since it responds better to demand and does not overload the grid with excess electricity.
The results on the performance of the FCEV in the LF and FP cases can be found in Table 5 .
The higher TTG efficiency obtained for the FP case in comparison with the LF case can be explained by the lower power outputs that the FCEV2G setup delivered in the LF mode compared to the FP mode. The FP mode operated constantly at 10 kW and the LF mode operated at different power outputs, as can be seen from the histogram presented in Fig. 12 .
The histogram shows the frequency of power produced by the FCEV2G in the load following mode for the entire year. In this mode, the V2G power output values presented a bimodal distribution, with peaks at approximately 4 and 10 kW. The two distinct values are the result of seasonal variation, with higher power outputs required to meet the load in winter and lower power outputs required in summer. Since more electricity was produced in the FP case, more hydrogen was used in the V2G mode, as can be seen from Table 5 . This led to more hydrogen refuelling events over the entire year for the simulated FP case compared to the LF case. In both cases, approximately 65 refuelling events over the year were needed for driving. This means that 20 and 58 additional refuelling events were needed for the LF and FP cases, respectively, to cover V2G hydrogen demand.
In brief, the load following mode in the FCEV2G setup was less energy efficient than the constant power production configuration, but it consumed less hydrogen and required less effort from the end-user in terms of refuelling events. This conclusion is valid for the system under study, which considered a 100 kW FC size and a part-load operation of 10% in the V2G fixed power mode. TTG efficiency could be improved if a smaller FC was used, thus incrementing the part-load operation. Recently, an FC range-extended EV has been reported that combines battery technology with a smaller FC system of 25 kW, offering great performance and autonomy [74] . This type of system should be targeted for V2G operation, as it could offer the service in a more efficient way.
Since the availability of the cars and the hydrogen price were acknowledged as the two main variables affecting the outcome of the simulation, a sensitivity analysis was performed on each, with the results shown in Fig. 13. Fig. 13a presents the energy imported and exported annually as a function of the availability of the car. A 0% change presents the base case analysed in the simulation, where the cars were available for V2G operation for 88% of the year; +12% represents 100% availability, assuming that at all times one of the 10 cars would be available; −10% change represents 72% availability (15 h on weekend days and 13 h on weekdays). The availability of the cars in either LF or FP mode had the same impact on imported energy. Full availability of the cars in the microgrid can reduce the imported energy required from the grid by half compared to the base case. However, with the limitation set at one car providing V2G at 10 kW, 0% import cannot be attained. Thus, more V2G points in the microgrid would have to be incorporated to satisfy the high peaks in demand and thereby attain 0% import. While exported energy is not affected by the availability of the cars in LF mode, it is affected in the FP mode. In the latter, with a greater availability of cars, more energy is exported to the grid.
The other variable analysed was the hydrogen price. The energy bill variation due to the hydrogen price for the three cases analysed can be seen in Fig. 13b . For the reference case (NP), we can see that the energy bill is not affected by the hydrogen price, as there is no utilization of an FCEV (and thus no reliance on hydrogen). In contrast, both LF and FP cases are greatly affected by the hydrogen price at the pump. The xvalues of the crossover points of the NP case with the LF and FP cases are the respective breakeven prices for hydrogen for each case. This is the hydrogen price at which the system using FCEVs would cost the same as the one using ICEVs. The breakeven hydrogen price at the pump for LF mode was 8.24 €/kg, while it was 6.76 €/kg for the FP mode.
Based on these results, two different scenarios with two different hydrogen prices were analysed, assuming gasoline prices remained the same. The first scenario considered current hydrogen prices at the pump in the Netherlands of 12 €/kg and the second at 3 €/kg. The latter value is consistent with the target of the US Department of Energy (DOE) of 2-4 $/kg for hydrogen at the pump by 2020 [75] . Fig. 13c shows the results for the two scenarios considered. The total bill is split into what corresponds to the energy bill of the car (hydrogen for driving) and what is due to the house (considering export, import and FCEV2G use). Since an FCEV is more efficient than a gasoline car for driving, the energy bill for the car component is lower in all scenarios analysed. At the current hydrogen price at the pump in the Netherlands, both cases considering FCEV2G operation are more expensive than the NP case. However, if the hydrogen price was 3 €/kg, the energy bill would have been much less for all cases of FCEV analysed. The cheapest would be the load following operation mode of the FCEV2G setup, which resulted in savings of €1546 over the year, in comparison with the NP case. Furthermore, it is not known at this point how the V2G operation would affect fuel cell degradation in real operating conditions. Combined driving and V2G test measurements over extended periods of time are needed to observe the potential degradation. Thus, at lower hydrogen prices than the actual prices, the system employing FCEV2G in supporting residential loads could be both economically attractive for the end-user and an environmentally friendly solution to decouple the energy system from conventional fossil-fuel derived electricity.
Conclusions
This research has shown that parked FCEVs can provide balancing power electricity to all-electric residential buildings with BIPV and achieve the net-zero energy target. This research showed that car availability, according to European parking patterns, complements those periods of insufficient solar power, primarily at night and during winter. In this respect, a case study was conducted at the test location of The Green Village in the Netherlands and the detailed empirical data collected on the consumption of an all-electric household, PV production of a 4.7 kW system and V2G power production of a Hyundai ix35 FCEV. The performance of this microgrid was evaluated for a period of two weeks during winter, with the FCEV delivering 3 and 10 kW in V2G mode, in the first and second weeks of the experiment, respectively.
The results showed that the autonomy of the microgrid was greatly increased with the use of the FCEV2G, achieving approximately 50% autonomy in both cases. In addition, efficiency maps were made by doing tests in the range of 1-10 kW. The FCEV2G setup was found to produce electricity from hydrogen more efficiently in the range of 3-10 kW. The hydrogen consumption rate was found to increase linearly with the power output. As the electricity produced by the Hyundai FCEV with a 100 kW fuel cell, operating in the range 3-10 kW power output, is much more than needed by one dwelling, it can be used to power several houses connected in smart grids. Alternatively, FCEVs with smaller fuel cells and V2G would better match a single Dutch family house (light-weight vehicles, such as scooters or range-extended vehicles). Although it was not investigated in this study, it is thought that smart grids [76] , autonomous driving [77] and self-parking cars [78] will in general facilitate the integration of electric vehicles, supplementing renewable energy supply.
Based on these experiments, a model simulating a microgrid of 10 houses and 5 FCEVs was developed and its annual performance evaluated. Two different modes of operation for the FCEV2G setup were identified: load following and constant power output. The simulation results showed that FCEV2G operation in both modes could lead to improvements in the on-site matching capability of the electricity demand of the dwellings, when compared to the system without FCEV2G operation. Savings of up to €1546 over one year on the end-user's energy bill could be achieved by using the load following power mode and sharing V2G within the neighbourhood, if the price of hydrogen at the pump dropped to 3 €/kg. At the moment, technologies coupled to the hydrogen economy, such as electrolysers, fuel cells and FCEVs are still quite expensive and from the authors' experience, there is still little awareness of these technologies and potential among general public. This poses as a challenge for users to adopt these technologies in their own homes. With the mass production of FCEVs, costs could go down and general acceptance on hydrogen could increase once the benefits of using this technology is widely seen.
The simulations considered a worst-case scenario by making the profiles of the houses all the same and the availability of the cars also the same. However, real-life variations can be expected, based on different occupation rates of the houses and different living styles of the occupants. Despite several model limitations, the results show the benefits of using FCEVs in V2G mode in a microgrid and demonstrate how the transport and residential sectors can be combined to achieve a more sustainable energy system. The complementarity of solar power and hydrogen power via V2G during day/night and winter/summer suggests a great potential for these two power sources to be combined in smart grids. Implications of different solar and wind resource patterns in different parts of the world and the complementarity between RES generation and FCEV2G could be subject for future research. Further possibilities for synergies between hydrogen and electricity networks should be explored, such as local hydrogen production and storage using surplus renewable solar energy production in the smart grid, and peer-to-peer hydrogen trading with local hydrogen refuelling stations. In future work we will evaluate smaller fuel cell electric vehicles, such as hydrogen scooters and light-weight vehicles to supplement houses in microgrids 'behind the meter'. This will become an interesting option for end-users to reduce their electricity bills, especially once the electricity grid becomes more renewable and the sustainability goal is met.
